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Abstract. Biological durability issues in cross-laminated timber (CLT) have been majorly ignored in North
America because of theEuropean origin of thematerial and careful construction practices inEurope.However, the risks
of fungal and insect attacks are increased by the North American climatic conditions and lack of job-site measures to
keep thematerial dry. Themethods to evaluate durability in solid timber are inadequate for use inmass timber (MT) for
a number of reasons, such as moisture variation and size being critical issues. This study therefore proposes a method,
which is suitable to evaluate the strength ofMT assemblies that are exposed to fungal degradation. The objective of the
study was to explore a controlled method for assessing the effects of wetting and subsequent fungal attack on the
behavior of CLT connections. Two different methods were used to create fungal attack on CLT assemblies. Although
they were both successful, one was cumbersome, left room for many errors, and was not as efficient as the other. In
addition, a standardized method to evaluate and characterize key performance metric for the connections is presented.
Keywords: Biological durability, fungi, CLT connections, connection strength.
INTRODUCTION
Mass timber (MT) is an increasingly popular group
of building materials. Introduction of cross-
laminated timber (CLT) and mass plywood
panels has enabled designers to pursue timber-
based design solutions for mid- to high-rise
buildings (Mallo and Espinoza 2014; Kremer and
Symmons 2015; Brandner et al 2016; Fast et al
2016). The popularity of MTwas highlighted when
the International Code Council ratified recom-
mendations for increasing the limit for MT to 18
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stories (up to 9 if MT is exposed). The rapid
adoption of this technology in North America and
acceptance in the building codes have been driven
by a robust body of research. Although there has
been a tremendous effort to characterize andmodify
MT for the North American market (Kippel et al
2014; Kramer et al 2014, 2016; Hasburgh et al
2016a, 2016b; Pei et al 2016, 2019; Ganey et al
2017; Mahdavifar et al 2017; Tugce et al 2017;
Barber 2018; Barbosa et al 2018; Bolvardi et al
2018; Schmidt and Blass 2018; Tannert et al 2018;
Blomgren et al 2019; van de Lindt et al 2019;
Fitzgerald et al 2020; Miyamoto et al 2020; Morrell
et al 2020; Soti et al 2020), the risk of moisture
intrusion and subsequent development of fungal
and insect attack has largely been ignored
(Cappellazzi et al 2020). Part of this complacency
lies with the lower decay risks present in Central
Europe and the absence of termites where MT first
emerged as a viable building product coupled with
building practices that better control moisture in-
trusion during construction.
However, several recent reviews have high-
lighted the potential risks of using MT elements
in more decay-prone conditions (Wang et al
2018; Cappellazzi et al 2020), other studies
have illustrated the risks of water intrusion in MT
elements during construction (Glass et al 2013;
Morrell et al 2018; Schmidt et al 2019), and
Wang et al (2018) highlighted the contribution of
plumbing leaks and overflows, pipe condensa-
tion, and occupant-caused wetting.
Although many organisms can invade wet wood,
fungal decay is the most common cause of building
damage closely followed by termites in areas where
these insects are prevalent (Mankowski andMorrell
2000). The most important fungi are the basidio-
mycetes, which include nearly all of the important
building decay organisms. Prolonged wetting leads
to colonization of decay fungi (e.g., brown rot or
white rot), which can survive within for years and
eventually degrade the wood when conditions are
suitable for growth (Kent et al 2007; Wang et al
2018).
Assessing the effects of moisture intrusion and bi-
ological degradation on MT properties will require
cross-disciplinary collaboration. Cappellazzi et al
(2020) emphasized a need for a broader effort
pursued jointly bymultiple stakeholders. One critical
limitation is the lack of standardized protocols for
evaluating MT durability.
Although there are a variety of methods available
to evaluate timber durability, most are not ap-
propriate for MT. Laboratory tests typically use
very small pieces of wood, making it difficult to
create test samples that encompass the features of
an MT panel. Field trials tend to expose timber to
outdoor weathering to accelerate decay. How-
ever, MT is not likely to be fully exposed to
wetting. Instead, the process will likely move
from wetting at some point during construction or
in service followed by fungal attack. Field trials
also tend to use smaller timber samples. All of the
current standard decay test methods tend to ex-
pose small timber samples to wetting regimes that
would be far in excess of what might occur in
MT. In addition, the sample dimensions are too
small to incorporate the physical behavior char-
acteristic that might occur in a full-scale member.
The objective of this study was to explore a
controlled method for assessing the effects of
wetting and subsequent fungal attack on the
behavior of a CLT connection system. There is a
lack of well-defined guidelines on parameters that
are more important for assessment of connection
systems. The assessment procedure is based on
the quantification of performance using cyclic
tests before and after the controlled wetting and
fungal attack regimen, from which the parameter
degradation rate is used as an indicator for
classifying the durability of MT connections.
METHODS FOR INVESTIGATION OF CLT
Evaluation of Decay Susceptibility
The test configuration was designed to 1) use
representative material dimensions, 2) create re-
alistic moisture intrusion, 3) incorporate effects of
moisture on connection properties, and 4) pro-
duce a representative risk of fungal degradation.
The intent of the degradation experiment was to
subject properly scaled CLT connections to a
“worst case scenario” of biodeterioration, not
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necessarily to mimic natural exposure in a
building (Fig 1). This section describes two
distinct methods to successfully inoculate the
specimen with decay fungi.
The two different methods evaluated two speci-
men sizes. The first used larger samples designed
to evaluate the effects of wetting and fungal at-
tack on connector capacity. The test proved
cumbersome in terms of sample dimensions and
logistics. Therefore, a second procedure was
examined involving decay on smaller specimens
that were designed to be easy to soak, sterilize,
and expose to the test fungi.
The connection assemblies in the first method
were three-ply Douglas-fir (Pseudotsuga men-
ziesii var. menziesii) ANSI PRG320 V1 CLT
(104-mm-thick, 200-mm-wide, and 305-mm-
long) panels. Two pieces of CLT were joined
using a galvanized steel (12-gauge ASTM A653
Grade 33, 227.5 MPa yield strength) L-bracket
connection (Fig 2). Two 15.9-mm-diameter A307
Grade A (ASTM 2014b) hex bolts and eight 8-d
common smooth shank nails were used to
complete the connection. The connection was
assembled with the strong axis of the wall piece
oriented vertically, as is common in most CLT
shear wall systems. In accordance with the Na-
tional Design Specification for wood construc-
tion, the bolt holes drilled into the bottom piece
were oversized by 1.60 mm (1/16th in.) in rela-
tion to the bolt diameter (AWC 2018). Three
assemblies were prepared: one was a no fungus
and no exposure control, the second assembly
was inoculated withGloeophyllum trabeum (Pers
ex Fr.) Murr. (Isolate # Mad 617), and the third
Figure 2. Schematic of the connection test specimen.
Figure 1. Progression of fungal growth over Douglas-fir cross-laminated timber (CLT) samples exposed to Rhodonia
placenta for (a) 3 d, (b) 20 d, (c) 61 d, and (d) 264 d after inoculation as well as examples of the bottom of the same sample in
direct contact with the test fungus before (e) and after (f) oven drying.
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was inoculated with Rhodonia placenta (Fr)
Niemela, Larss, and Schagel (Isolate # Mad 698).
The test samples were first conditioned to con-
stant weight in a standard room maintained at
20°C and 65%RH before being weighed and then
immersed in water for approximately 5 wk at
room temperature until they reached an average
MC of 40%. The samples needed to be saturated
to aid fungal growth. Four small holes (3.2 mm)
were drilled into the wide face near the junction of
the two pieces and marked for future fungal in-
oculation. The next step was to sterilize the
samples. For that, specimens were wrapped in
sturdy autoclavable bags (1.5 mm thick), one
from each end, filled with 100 mL of deionized
water, and loosely tied in the middle before being
autoclaved at 121°C for 60 min (Fig 3). After
cooling, the bags were placed in individual alu-
minum trays to minimize the risk of damage as
bags were moved. The test fungi were introduced
by injecting 10 mL of liquid culture of the re-
spective fungus into the four predrilled holes until
it overflowed on the wood surface. The bags were
sealed and incubated in a standard room main-
tained at 20°C and 65% RH for 425 d (14 mo). At
the end of the incubation period, the samples were
removed from the standard room, scraped clean
of adhering mycelium, and reconditioned to
constant weight at 20°C and 65% RH before
being weighed. The difference between initial
and final conditioned weight was used to cal-
culate fungus-associated weight loss.
The first method eventually resulted in fungal
degradation, the process was time- and labor-
intensive, and the bags were prone to damage
that would allow other organisms to contaminate
the wood. Thus, a second method was used to
degrade the connection samples. In the second
method, ten 104-mm-thick three-ply CLT spec-
imens from the same source were cut into samples
with volumes of 1785, 2888, or 3600 cm3. Three
samples were southern pine, and the remainder
was Douglas-fir. The samples were dried at 50°C
for 5 d before being weighed. The samples were
immersed in distilled water, and a vacuum
(81.3 kPa) was drawn over the water for 30 min;
the vacuum was released, and the samples were
left in the water for 2 h to raise the MC above
30%. The samples were then autoclaved at 121°C
for 60 min.
The decay chambers were 76-L polypropylene
gasket boxes (61.0 cm 45.7 cm 38.7 cm) that
were sterilized in a laminar flow hood using a
combination of 10% bleach and 70% ethanol.
Boxes were tested with and without 60-mm-
diameter vent holes covered with Tyvek to
allow airflow but exclude fungal propagules. A
sterile mixture of 80% vermiculite and 20%
potting soil (sandy loam soil, composted dairy/
horse manure, fir bark, and Gardner and Bloom
Soil Building Conditioner) was saturated to field
capacity, and a 50-mm-thick layer was added to
the bottom of each chamber to ensure that the
blocks remained at moisture levels suitable for
fungal growth. A sterile 25-mm-thick by 140-
mm  300-mm-long southern pine sapwood
(Pinus sp.) wafer was placed on the vermiculite/
soil layer to provide wood for the test fungus to
grow and to separate the test members form the
mixture to avoid excessive wetting that might
inhibit fungal attack.
Some chambers were inoculated by placing 10-
mm-diameter agar discs cut for the edges of
actively growing culture of the test fungus on the
edges of the southern pine feeder strips and in-
cubating the chamber until the fungus had
Figure 3. Example of a Douglas-fir connector assembly
inoculated with Gloeophyllum trabeum showing minimal
fungal growth on the outside of the wood.
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covered the wood. Alternatively, the test fungi
were grown on sterile wheat seed grain, and
0.25 L of the fungal colonized seed was evenly
distributed over the vermiculite/soil surface. The
sterile test pieces were then placed on the feeder
strip surface, and the chambers were incubated at
20-22°C for 180-264 d. At the end of the incubate
period, the samples were removed, scraped clean
of any adhering mycelium of vermiculite/soil,
and weighed before being dried to constant
weight at 50°C. The blocks were then weighed
again. Differences between initial conditioned
weight and oven-dry weight were used to cal-
culate the final MC, whereas the differences
between initial and final conditioned weight were
used to calculate fungus-associated mass loss.
Because this was a preliminary trial, test condi-
tions were only evaluated on one or two speci-
mens per variable. Table 1 summarizes the
various combination used in this method.
Strength Testing Methods
The connections after exposure to degrading
fungi were tested on a 178 kN hydraulic universal
testing machine (UTM) in a displacement-
controlled cyclic loading protocol. Because the
UTM and actuator were set up for vertical load
application, the specimens were rotated in the test
setup to align the lateral direction with the loading
axis of the actuator. The test setup is shown in Fig
4. The bottom piece was held in place using a
steel bar on top fastened to the testing table with
17-mm-diameter threaded rods. The loading
fixture was custom-made for a series of similar
testing and is described in greater detail in
Mahdavifar et al (2019) and Mahr et al (2020).
The test setup is described in detail in Mahr et al
(2020) where the reader is directed for design of
the custom fixture. For future research, the design
of the custom fixture will however change as per
the requirements of accessible UTM. Important
things to consider in design of the test setup are
that the rotation and translation of the floor plate
should be restricted.
For cyclic testing, the actuator head needed to
clamp both sides of the specimen wall piece to
transmit force in both directions. This was ac-
complished by using two pieces of steel tubing on
the opposite wall side connected to the actuator
head with 9.5-mm (3/8 in.) threaded rods (Fig 4).
To simulate in situ shear wall conditions for this
connection, the rotations of the wall piece were
not controlled, leaving the bracket connection
itself to resist these rotations.
The cyclic loading was performed according to an
abbreviated basic loading history CUREE pro-
tocol, developed by Krawinkler et al (2001), with
two additional primary cycles beyond the refer-
ence deformation (Δ) of 1.5Δ and 2.0Δ, re-
spectively (Fig 5). These additional primary
cycles were used to ensure specimen failure. The
CUREE reference deformation of 12.7 mm was
determined by Mahr et al (2020) according to
methods identified in Krawinkler et al (2001) by
performing monotonic tests. The loading rate
used was 7.2 s per/cycle for 35 cycles, yielding a
total loading protocol duration of 4 min and 12 s.
The maximum displacement rate was 11.4 mm/s
in the final primary cycle. Data collected included
actuator load and actuator head displacement,
Table 1. Mass losses of Douglas-fir and southern pine cross-laminated timber samples exposed to white and brown rot fungi
for 180-260 d under various decay regimes.
Fungus Wood species Wood volume (cm3) Vents Inoculum Exposure time (d) Final MC (%) Mass loss (%)
T. versicolor Douglas-fir 1785 No Grain 180 125.7 25.4
R. placenta 86.3 37.6
G. trabeum 70.1 14.9
R. placenta Douglas-fir (n ¼ 2) 1785 Yes Pine feeder 260 88.1 52.7
2888 70.8 30.8
T. versicolor Douglas-fir 3600 No 260 64.6 3.4
P. gigantea Southern pine (n ¼ 2) 1785 No 180 61.3 14.7
G. trabeum 1785 Yes 260 46.7 46.3
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which was used as the measure for wall piece
deflection relative to the bottom piece.
Parameters Evaluated
The primary cyclic force–displacement data from
the testing generated hysteresis curves for each
specimen (Fig 6[a]). The backbone curve of the
hysteresis curves was developed for each specimen
by plotting the maximum first force recorded at
each displacement from the hysteresis data, effec-
tively only plotting force from the primary cycles of
the CUREE displacement protocol. The backbone
curves (Fig 6[a], bold line) were then used to define
parameters and/or equations that approximate the
force–displacement relationship using a trilinear
model as outlined in ASCE 41-17 (Fig 6[b]).
ASCE 41-17 is a guide for engineers to evaluate
seismic performance of existing buildings. For
MT, which is a material not covered in ASCE 41-
17, the guide outlines an alternative method for
determining modeling parameters using physical
Figure 4. Test setup.
Figure 5. CUREE loading protocol. Figure 6. ASCE 41-17 trilinear idealization process.
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tests. The curve type that is appropriate for this
kind of research is the Type 2 curve as outlined in
ASCE 41-17. The Type 2 curve is a composite
curve of three linear segments: elastic, post-yield
plastic, and post-peak plastic. ASCE 41-17 does
not specify a procedure for determining where
each of these segments begin and end, leaving it
to the discretion of the user. For our purposes, we
attempt to define a protocol that has given con-
sistent results over the last few years. The pa-
rameters are listed in Table 2 along with their
description and protocol used to calculate them.
The first line or the initial elastic segment ends at
the yield point and has a slope, K0. The yield
point at the end of the elastic segment is defined
by the yield strength, FY, and yield displacement,
ΔY. The yield strength was determined using the
5% offset method outlined in ASTM D 5764
(2018). The 5% offset method defines the yield
strength as the point at which the backbone curve
is intersected by a line with a slope equal to the
initial stiffness (K0) and which is offset to a
displacement of 5% of the fastener’s root di-
ameter. The initial stiffness (K0) was determined
by performing a regression analysis on a repre-
sentative linear portion in the elastic region of the
backbone curve generally between 0.1 and 0.4 of
Fmax. The next line on the composite curve is the
post-yield plastic segment beginning at the yield
point and ending at the peak of the backbone
curve. The parameters associated with the peak
are peak strength, Fmax, and corresponding dis-
placement, Δmax. The load–deflection coordinate
for the peak was taken directly from the backbone
curve. The final line of the composite curve is the
post-peak plastic segment beginning at the peak
and ending at the failure point defined by the
failure load, FU, and ultimate displacement, ΔU.
The failure load and ultimate displacement were
taken from the last point on the backbone curve
with a load greater than or equal to 80% of the
peak load. The ASCE 41-17 idealization process
is shown in Fig 6.
PRELIMINARY RESULTS AND DISCUSSION
Physical Changes
At the end of the 425-d period of exposure, the
samples showed varying changes in physical
properties. These included general physical al-
terations such as colored stains and patches,
exfoliation, and pitting stated by Gaylarde et al
(2003). There were differences in the physical
changes which were observed in the two different
fungi species. Whereas brown patches were no-
ticed on the surface of the assembly with G.
trabeum, the assembly infested by R. placenta
showedwhite patches all over. Figure 7 shows the
assembly at different stages of exposure and
testing. The blocks also showed a variation in the
weight changes over the period of exposure as
reported in Table 3. The sample exposed to G.
trabeum weighed 8.52 kg at testing. This was an
increase of 2.15% from the original dry weight of
the block before it was exposed to the fungi. R.
placenta however weighed 7.41 kg at the time of
test which equates to a 7.72% weight loss. The
samples were tested at EMC between 12% and
Table 2. Parameters to be evaluated from ASCE 41-17.
Parameter Description Method
Fmax Maximum load that the specimen could carry Maximum on the load deflection curve
Δmax Displacement at maximum load Load–deflection curve
ED Energy dissipated Area under the curve
D0 Ductility The ratio of Δmax to ΔY
K0 Initial slope and slope of the first line in the
trilinear model
Slope of initial portion of the backbone curve between 0.1 and 0.4
Fmax; and ASCE 41-17
K1 Slope of the second line in the trilinear model ASCE 41-17
K2 Slope of the third line in the trilinear model ASCE 41-17
FY Yield point 5% offset method
ΔY Displacement at yield load ASCE 41-17
FU Ultimate load Load–deflection curve
ΔU Displacement at ultimate load Load–deflection curve
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15%. Curling et al (2001) had reported a daily
loss of 0.4% in samples of solid lumber which
were infested with brown rot fungi.
Connection Failure
The failure of the connections could be charac-
terized in two ways. As the load was applied, the
nail pushed into the wood and the wood fibers
gradually broke and gave way. As a result, the
nails either pulled out or yielded. The maximum
force at which the connections failed varied in the
different specimens. A comparison of the back-
bones of the hysteresis curve from the three
specimens (Fig 8) describes the trend. A sub-
stantial reduction in capacity, 35% in the tension
side and 48% in the compression side, for the
specimen infested with R. placenta (Fig 8) was
observed when compared with the control
specimen. In addition, there was a difference in
the critical failure mode in each specimen type.
Whereas the failure of the wood fibers seems to
occur first in the assembly exposed to R. pla-
centa, the fibers in the assembly with G. tra-
beum and the control failed late into the test. In
the control sample particularly, the authors
believe that the cellulose and hemicellulose
components of the wooden block were intact,
and therefore, the wood fibers possessed ade-
quate strength to resist the cyclic load before
ultimately failing.
The average backbone curve of the three speci-
mens was analyzed to characterize the connection
strength (Fig 9). A comparison of the three
specimens showed a reduction in both tensile and
compressive strength as the level of fungal
degradation increased. The initial stiffness K0
calculated using hysteresis backbone generated
from the cyclic test protocol was also compared.
An initial stiffness of 1056 N/mm was observed
in the control specimen. The assembly cultured
with G. trabeum had an initial stiffness of 1010
N/mm, whereas that exposed to R. placenta had
an initial stiffness of 788 N/mm.
Figure 7. CLT assembly 425 d (14 mo) following exposure to Rhodonia placenta using the autoclave bag method: (a) CLT
surface with fungal mycelium; (b) fungal mycelium removed; (c and d) steel connection with corrosion; (e and f) connection
zones following strength testing.
Table 3. Specimen weight (kg) during 425-d (14-mo) exposure period. Weights during exposure could indicate moisture
loss, fungal decomposition of wood, or both.
Fungus Rhodonia placenta Gloeophyllum trabeum
Initial weight 8.03 8.34
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In addition, the ASCE 41-17 trilinear curve (Fig 10)
was developed from the backbone to describe the
force–displacement behavior of the connections in
the three samples. All the parameters calculated
from backbone and the trilinear curves are listed in
Table 4. The tensile yield load of the three sam-
ples was 10,849N, 7329N, and 7268N respectively
(Table 4). The assemblies exposed to R. placenta
had the lowest yield values and the control being the
highest. The maximum load in the three samples
was 17,081N, 16,832N, and 11,198N. Again, the
control specimen was highest and R. placenta
infested blocks being the lowest.
The cumulative energy dissipated before the
connection failure was computed and is shown
in Fig 11. The energy dissipated substantially
decreased for R. placenta and G. trabeum
assemblies as shown in Fig 11. Fungal degra-
dation affects the static-tested energy properties,
and therefore, the effect of fungal degradation
becomes more apparent with regard to the energy
dissipated. Although G. trabeum assembly did
not show much degradation in peak load, the
energy dissipated for the same displacement was
lower than the control. Similarly, for R. placenta
assembly, the energy dissipated was substantially
lower than that for the control or G. trabeum
assembly. This closely aligns with Kent et al
(2005) that energy dissipation reduces as deg-
radation increases.
CONCLUSIONS AND THE WAY FORWARD
The aim of this study was twofold. First, a method
to characterize the effects of biodeterioration on
Figure 8. Hysteresis curve: (a) control, (b) Gloeophyllum trabeum, (c) Rhodonia Placenta.
Figure 9. Backbone of the three specimens as obtained
from the hysteresis profile.
Figure 10. Trilinear idealization as per ASCE 41-17 for the
connection performance.
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the mechanical properties of CLT connections
taking fungi which have been established as the
most predominant decaying organisms of mate-
rial as a case study is presented. It represents a
preliminary study to work which is already un-
derway at Oregon State University, USA. Two
different brown rot fungi were used to conduct
this simple study, and only one specimen of each
was studied. Two different methods were used to
create fungal attack on CLT assemblies. Al-
though they were both successful, one was
cumbersome, left room for many errors, and was
not as efficient as the other. Second, a procedure
and key parameters were introduced to charac-
terize connection performance using the degra-
dation protocol developed.
The results show that decay fungi will affect
the structural assembly, both physically and
mechanically. All samples infested showed an
unpleasant change in physical properties and a
decline in connection strength as the level of
fungal infestation increased. The effect of ex-
posure time on the strength CLT was not covered
in this study. Experiments are ongoing, and the
results will be part of a future publication. The
inoculation process and evaluation method de-
veloped and presented herein will provide re-
searchers worldwide to conduct biological
degradation experiments onMT connections, and
the results can be compared across research
groups.
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